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lobally, an estimated 93.8 million illnesses and 155,000 deaths are caused by Salmonella enterica annually (1) . Livestock are important reservoirs for Salmonella, and efforts to reduce the contamination of food will likely be enhanced by controlling the pathogen on farms. While the incidence of other food-borne pathogens has decreased, the incidence of salmonellosis has remained stable, and national goals for reducing incidence have not been met (2) . Cattle serve as a reservoir of Salmonella which can be transmitted to people (3) , and beef and dairy products account for a notable proportion of traceable Salmonella outbreaks (4) . Salmonella found on dairy farms could be transmitted through contamination and inadequate pasteurization of dairy products, contamination of carcasses and lymph nodes (cull dairy cattle), or indirect transmission through the environment. There is substantial overlap in the antimicrobial resistance (AMR) phenotypes, serotypes, and pulsed-field gel electrophoresis (PFGE) patterns of Salmonella strains recovered from dairy cattle and those that cause disease in humans (5) (6) (7) . In general, a diverse population of Salmonella serotypes are recovered from cattle, but only a small number of serotypes account for the majority of illnesses. Therefore, temporal changes in the prevalence, distribution, or antimicrobial resistance profiles of Salmonella serotypes and molecular subtypes recovered on dairy farms may have important impacts on human health.
Nation-level studies suggest substantial changes in the population of Salmonella on dairy farms in the United States. Between cross-sectional studies of dairy farms in 1996, 2002, and 2007, the proportions of farms and cows that were positive for Salmonella approximately doubled (8) . The same studies also demonstrated decreases in the proportion of Salmonella strains resistant to antimicrobials. Approximately 17.7% of isolates were resistant to at least one antimicrobial in 2002, compared to 3.4% of isolates in 2007 (8) . Consistent with these data, our prior retro-prospective study demonstrated within-farm decreases in the proportion of multidrug-resistant (MDR) Salmonella strains between 2000-2001 and 2009 (9) .
Salmonella can be found on up to 90% of dairy farms (10) and may persist within dairy herds for years (11) (12) (13) , but most observational studies of Salmonella on dairy farms are cross-sectional or of limited duration, which may not be sufficient to understand long-term or within-farm population changes caused by the acquisition and/or disappearance of strains. Furthermore, previous molecular epidemiological studies of Salmonella often use diag-nostic laboratory collections of isolates which provide the necessary diversity to study phylogenetic relatedness (14, 15) ; however, these inferences cannot be extrapolated to the population of Salmonella colonizing dairy farms. Virulence is not a property of all Salmonella strains (16) , and the distribution of serotypes in livestock differs from the distribution of serotypes causing disease in humans (17) , suggesting that some serotypes may be better adapted for asymptomatic colonization than for causing disease. Therefore, changes in the population of Salmonella on dairy farms may result in changes in the impact of dairy farms on human health. Likewise, the emergence or disappearance of MDR strains may change the frequency of resistant human infections. The proportion of nontyphoidal Salmonella strains recovered from humans in the United States that were resistant to at least one antimicrobial, for example, was observed to decrease between 1999 and 2010 (18) .
Based on current knowledge gaps and previously reported decreases in AMR, we conducted a retro-prospective study to measure within-farm changes in the prevalence and distribution of Salmonella subtypes recovered on Michigan dairy farms that were 
MATERIALS AND METHODS
Study design. This study used a retro-prospective study design, and the data consisted of two components: retrospective data collected from Michigan dairy farms in 2000-2001 and prospective data collected 10 years later from the same farms. Retrospective data were retrieved from a 2000-2001 multicenter, longitudinal study of Salmonella shedding on randomly selected dairy farms in Michigan, New York, Wisconsin, and Minnesota (10 (9) . Briefly, in 2000-2001, farms were sampled every other month, resulting in five sampling events (10) . Two farms (101 and 102) were initially sampled weekly for 8 consecutive weeks in the spring/ summer of 2000 and then subsequently sampled every 2 months for five consecutive visits. In July or August 2009, 16 farms were sampled once, and two farms were sampled twice. Fecal samples were collected from the rectums of dairy cattle using a single-use rectal sleeve and from calves using digital rectal retrieval. In both 2000-2001 and 2009, healthy lactating cows and "target" animals were sampled from each farm. Target animals were defined as dairy animals most likely to be shedding Salmonella, including preweaned calves, cows identified as sick by the farm management, cows within 14 days of their calving date, and cows scheduled to be culled within 14 days. The number, types, and collection of environmental samples were as previously described (9) . All samples were stored in commercial bags, placed in a cooler with ice, and processed the following day.
Salmonella isolation and serotyping. The techniques used for isolation of Salmonella for this set of isolates have been previously described (9) . Briefly, isolation of Salmonella was performed in the same laboratory with highly similar protocols in 2000-2001 and 2009 . Salmonella isolates harvested in 2000 were frozen in tryptic soy broth-glycerol solution at Ϫ80 C and stored in cryovials. In 2009, these were retrieved and underwent further biochemical confirmation before serotyping and antimicrobial susceptibility testing. Serotype identification was performed in 2009 for all isolates at the Diagnostic Center for Population and Animal Health (DCPAH) at MSU using the Kauffman-White scheme (19) . Where a group of isolates collected from the same farm on the same day had indistinguishable PFGE banding patterns, only one isolate was selected, and the remaining isolates are reported as the same serotype.
PFGE. For pulsed-field gel electrophoresis (PFGE), up to two randomly selected isolates from each Salmonella-positive fecal or environmental sample were selected. If more than two isolates were recovered from a single sample, then two isolates were randomly chosen to undergo PFGE. PFGE was conducted at the DCPAH using a CDC standardized protocol and the XbaI rare-cutting restriction enzyme (20) . Dendrograms were constructed by applying hierarchical agglomerative clustering techniques (unweighted pair group method with arithmetic means) to similarity matrices calculated using the Dice coefficient of similarity. Band tolerance and optimization settings of 1.5% were used. If two isolates from the same sample had indistinguishable PFGE patterns, then only one of the isolates was included in the statistical analysis and summary statistics. Unique PFGE patterns identified at the DCPAH were assigned names to denote where the pattern was identified, serotype, and unique pattern number within serotype (e.g., MSU.Sty.1).
MLST. To define sequence types (STs), the partial gene sequences of seven housekeeping genes (thrA, purE, sucA, hisD, aroC, hemD, and dnaN) were determined according to a standard multilocus sequence typing (MLST) protocol for Salmonella (http://mlst.warwick.ac.uk/mlst/). Isolates with different PFGE patterns, collected from different farms, or collected in different time frames (2000-2001 or 2009) were selected for MLST. Primer sequences and amplification conditions were according to standardized protocols (21) . Edited sequences were uploaded to the MLST website (http://mlst.warwick.ac.uk/mlst/) to identify the allelic numbers and STs for each isolate. Where a group of isolates collected from the same farm on the same day had indistinguishable PFGE banding patterns, only one isolate was selected, and the remaining isolates are reported as the same serotype and ST.
Comparison with human clinical isolates. PFGE patterns of Salmonella strains recovered from Michigan dairy farms in this study were compared to all the PFGE patterns of the same serotypes that were identified at the Michigan Department of Community Health (MDCH) during the same time frame. For the serotypes recovered from Michigan dairy farms in 2000-2001 or 2009, raw images of PFGE patterns recovered from reported illnesses between the years 2000 and 2012 were obtained. Serotypes rarely identified at the MDCH (Ͻ100 times between 2000 and 2012) were excluded; however, serotypes with PFGE patterns that persisted between the two time frames were included in the analysis regardless of frequency. The yearly frequency (2000 to 2012) at MDCH was determined for patterns that were indistinguishable from the patterns recovered on dairy farms. Names of the PFGE patterns used at the MDCH are reported alongside the pattern names given by investigators at the DCPAH. Descriptive statistics were generated to describe changes in the frequency of STs, serotypes, and PFGE patterns within farms between different sample types, between farms, and between years. The frequency distributions of STs between time frames were compared using a chi-square test of independence. The new information on strain characteristics is reported in light of previously identified changes in antimicrobial resistance for this set of isolates (9) . (Table 2) , and the proportion of samples positive on farms 111 and 114 ranged between 13% and 62% on each visit. For the remaining 12 positive herds, the prevalence was Ͻ10%, and nine herds had fewer than three positive samples across all five visits (Table 2) .
RESULTS

Prevalence of
Comparable sampling techniques were used to sample the same herds in 2009, and Salmonella was recovered from 12% (97/ 830) of samples and 56% (10/18) of farms ( Table 1 ). The withinfarm prevalence over all animal and environmental samples ranged from 0% to 63% and was over 50% for 2 herds, between 20% and 50% for 3 herds, and less than 10% for 13 herds. Farms with herd sizes (number of lactating cows) of Ͼ500, 100 to 499, and Ͻ100 had a prevalences of 22.0% (52/236), 5.5% (21/381), and 11.2% (24/213), respectively ( Table 2) . Samples with the highest proportion of positive results came from the sick pen (5/ 11, 45%), manure storage area (6/19, 32%), and sick adult cattle (10/49, 20%). The overall prevalence in the summer of 2009 (12%) was higher than the prevalence of Salmonella in the summer of 2000 or 2001 ( Table 1) .
Eleven of the 18 herds had less than 10% prevalence in both summers, including three farms where Salmonella was not recovered in either year (Table 2) To understand within-farm changes in the population of Salmonella, the serotype, ST, and PFGE pattern was identified for isolates originating from farms where at least two isolates were recovered in both sampling time frames. Six farms had Ͼ1 isolate (16/16) , and 90% (9/10) of the isolates recovered from each of the three farms (101, 114, and 125), respectively.
Indistinguishable subtypes were distributed across different production classes and multiple environments within the same farm, suggesting frequent transmission and widespread environmental contamination. For each sampling visit, comparable proportions of cow, calf, and environmental samples were positive for each subtype (Table 4) . MDR subtypes showed the largest difference in the within-farm prevalence across cow and calf samples. For instance, a higher proportion of calf samples (47%, 15/32) than of cow samples (4%, 3/80) on farm 129 were positive for the MDR subtype of S. enterica serotype Senftenberg (MSU.Snf.Xb1). Similarly, a higher proportion of calf samples (60%, 3/5) than of cow samples (4%, 1/28) were positive for any MDR pattern of (Fig. 2) , suggesting long-term persistence of the strains within the same farm. The two subtypes, MSU.Sbo.Xb3 and MSU.Snf.Xb4, were recovered from single samples in 2001 on farms 125 (1/288) and 121 (1/267) and subsequently recovered from 6% (3/50) and 20% (9/46) of samples on the same farms in 2009, respectively. Three other serotypes, Salmonella serotypes Typhimurium, Hartford, and Mbandaka, were recovered in both time frames but from different herds. On each farm, strains had distinguishable banding patterns (Fig. 1) .
The overall distribution of sequence types was significantly different between time periods (P Ͻ 0.05). Differences in strains between the two time points reflected a higher prevalence of strains of serogroup C1 and a lower prevalence of serogroups E1 and E4. Serogroups represent important antigenic properties of strains, and changes in populations of serogroups may indicate important changes in the ecology of Salmonella. Strains of the same serogroups may occupy the same niche. For instance, expansion in the population of Salmonella enterica serotype Enteritidis may have filled an ecological void vacated by Salmonella enterica serotypes Pullorum and Gallinarum following eradication campaigns (22) . In this study, the predominant ST of Salmonella within each farm was different between years for all six farms (Table 3) . Strains of serogroup C1 were the predominant serotype for three of the six farms in 2009 (Table 3) Table 5 ). The proportion of resistant isolates recovered in the summer of 2009 (1%) was lower relative than those recovered in the summers of 2001 (27%) and 2000 (84%). MDR subtypes of Salmonella Typhimurium with the ACSSuT phenotype (resistant to ampicillin, chloramphenicol, streptomycin, sulfisoxazole, and tetracycline) and Salmonella Senftenberg with the GKSSuT phenotype (resistant to gentamicin, kanamycin, streptomycin, sulfisoxazole, and tetracycline) were recovered in 2000-2001 from farms 101 and 129, respectively. In 2009, only pansusceptible strains of Salmonella Typhimurium and Salmonella Senftenberg (farms 114 and 121, respectively) were recovered ( Fig. 3 and 4) . The apparently persistent subtypes of Salmonella Bovismorbificans (MSU. Sbo.Xb3) were mostly pansusceptible in both 2000-2001 (105/107 isolates) and 2009 (9/9 isolates). In 2009, however, a distinct strain of Salmonella Bovismorbificans resistant to ceftriaxone and tetracycline was recovered from the same farm. Other serotypes recov- ered in both years (Salmonella Hartford, Salmonella Mbandaka, and Salmonella Montevideo) were susceptible to all tested antimicrobial in both time periods (Fig. 1) . (Table 6 ). Most subtypes found on the dairy farms were cattle specific, with no match to strains associated with human illness. Specifically, only 387/11,326 (3.4%) of salmonellosis cases reported between 2001 and 2012 were associated with a PFGE pattern that matched a pattern found on Michigan dairy farms in either time period. Nonetheless, 38% (29/77) and 49% (132/271) of isolates recovered on dairy farms for the 11 serotypes analyzed had PFGE patterns that matched at least one human pattern. There were also opposing temporal changes in the yearly frequency of human illnesses associated with PFGE patterns recovered from dairy farms in either a A, ampicillin; C, chloramphenicol; Cx, ceftriaxone; G, gentamicin; K, kanamycin; S, streptomycin; Su, sulfisoxazole; T, tetracycline.
Changes in the frequency of human illnesses caused by dairy farm
changes in the distribution of subtypes associated with human infections. Given the ability of Salmonella to persist within farms for long periods of time, longitudinal studies with greater temporal separation are important to discern population changes over time and determine the importance of cattle-derived genotypes in human infections. Within-farm distribution of Salmonella subtypes. These results demonstrate clonal dominance and persistence of specific Salmonella subtypes between bimonthly visits in 2000-2001, widespread environmental dissemination within dairy farms, and likely transmission between different production classes of animals. Some of the subtypes seemed to have the same propensity to colonize both cows and calves. For instance, on farm 111, a single PFGE pattern of Salmonella Bovismorbificans was recovered on 5 consecutive sampling visits and in relatively equal proportions of cow samples (39%, 76/193) and calf samples (38%, 13/34) ( Table  4) . Similarly, 21% (42/199) and 33% (11/33) of cow and calf samples, respectively, were positive for the same subtype of Salmonella Muenster on farm 114. MDR subtypes of Salmonella, in contrast, may be more likely to colonize the immature gastrointestinal tract of calves. An MDR subtype of Salmonella Senftenberg (MSU. Snf.Xb1) was recovered from a higher proportion of calves (47%, 15/32) than cows (4%, 3/80) on the same farm. Similarly, a higher proportion of calf samples (60%, 3/5) than of cow samples (4%, 1/28) were positive for any MDR pattern of Salmonella Typhimurium (MSU.Sty.Xb6) on the same farm and within the same sampling visit. Changes in herd demographics and management practices may result in changes in the microbial environment that have important impacts on the population of Salmonella. The prevalence of Salmonella has consistently been associated with herd size (8, 23, 24) , and expansion of herds could be expected to result in overall increases in the prevalence of Salmonella. Considering summer visits only, the prevalence of Salmonella Larger studies with more farms would be necessary to pinpoint the mechanism for changes in the prevalence and population of Salmonella on dairy farms.
Relatedness of
This study provides additional evidence of long-term withinfarm persistence of Salmonella strains over a 10-year period. Only two PFGE patterns were recovered in both years, and each pattern was recovered within the same herd. All 13 isolates representing these two patterns were pansusceptible, and only 1 human illness in Michigan between 2000 and 2012 was associated with an indistinguishable PFGE pattern for either of the apparently persistent strains. Long-term persistence within farms has previously been documented for Salmonella serotypes Cerro, Typhimurium, and Newport (11-13) and within previously clinically ill dairy cattle animals for up to a year (25) . A recent study showed in greater temporal detail a within-farm serotype shift that occurred gradually over 2 years (12) . At the farm level, long-term persistence could be caused more by a combination of environmental persistence, temporary chain infections, and extended excretions from individual animals (11) . In this study, subtypes of Salmonella that apparently persisted within farms between the two time frames were pansusceptible and rarely associated with the reported cases of salmonellosis. The durations of shedding for isolates causing clinical disease in cattle were shown to be similar for different serotypes (25) ; however, it is possible that pansusceptible Salmonella strains that infrequently cause clinical illness may be more apt to colonize a large percentage of animals and persist for longer periods of time.
Population changes associated with changes in antimicrobial resistance of Salmonella. Changes in AMR for the isolates in the study have previously been reported (9) . This study identifies the changes in genotypes responsible for the associated changes in AMR. In this subset of farms, MDR isolates of Salmonella Typhimurium and Salmonella Senftenberg were recovered in 2000-2001, and only pansusceptible strains of the same serotypes were recovered in 2009 (Fig. 3 and 4) . The MDR Salmonella Typhimurium PFGE pattern recovered in 2000 was consistent with the resistance phenotype of Salmonella Typhimurium DT104 and was a frequent, yet declining, cause of reported cases of human salmonellosis in Michigan. By comparison, the pansusceptible strain of Salmonella Typhimurium recovered in 2009 was not identified as a reported cause of human illness in Michigan. Recovery of genotypically distinct (with distinguishable PFGE patterns) MDR and pansusceptible strains of Salmonella Senftenberg and Salmonella Typhimurium may represent clonal displacement between time frames; however, larger studies would be necessary to determine if the same phenomenon explains decreases in nation-level estimates of the frequency of AMR of Salmonella recovered from dairy cattle. Region-or nation-level prevalence estimates of AMR in Salmonella can change through the emergence and/or disappearance of clonal subtypes, and clear temporal patterns of clonal displacement have previously been documented for nontyphoidal Salmonella (26, 27) . Decreases in resistance for some antimicrobials were demonstrated for Salmonella from cattle in the Northeast between 2004 and 2011, in part due to the dissemination of pansusceptible subtypes (28); however, within-serotype increases in resistance were shown for Salmonella serotype Newport. Isolates from the environment or from cattle with subclinical shedding were excluded from that study despite being more commonly susceptible to antimicrobials and a less frequent causes of illness. Strains of the same serotypes may occupy the same ecological niche, and less-pathogenic and/or less-resistant strains may nonetheless play an important role in temporal changes in the population of Salmonella. Consequently, more research is necessary to understand how less-pathogenic Salmonella strains impact the overall ecology of the Salmonella subpopulation.
Changes in the frequency of reported human illnesses associated with the same subtypes. Humans may be exposed to dairy farm-associated subtypes of Salmonella through consumption of inadequately pasteurized or unpasteurized milk, contamination of beef through fecal contamination of carcasses or lymph node contamination, and less-direct transmission routes, including environmental contamination and contamination of fruits and vegetables through environmental contamination. In this study, the majority of the PFGE patterns recovered from the farms were uncommon causes of human salmonellosis, in agreement with recent research (7) . Many of the pansusceptible serotypes recovered are uncommonly recovered from clinical illnesses. These data are in agreement with data from the 2010 NARMS report, where 53/61, 8/8, and 4/4 isolates of Salmonella Montevideo, Salmonella Mbandaka, and Salmonella Senftenberg isolates from cattle were susceptible to all antimicrobials tested (29) . Similarly, 57/60 Salmonella Montevideo isolates recovered from clinically ill humans were susceptible to all tested antimicrobials (29) . However, this study suggests that temporal changes in the population of Salmonella on these dairy farms correlate with changes in the frequency (Table 6) . Likewise, the frequency of human illnesses with PFGE patterns indistinguishable from those of the Salmonella Typhimurium strain (MSU.Sty.Xb7) (recovered in 2000) decreased substantially through the time frame from 2001 to 2012. The resistance phenotype, ST, and PFGE banding pattern of the MDR Salmonella Typhimurium strain recovered in 2000 from farm 101 are indistinguishable from those of the globally disseminated Salmonella Typhimurium DT104 strain (30) . The changes observed in this study are consistent with previous work that has shown a decline in the prevalence of Salmonella Typhimurium DT104 (8, 31) . The recovery of indistinguishable PFGE patterns from humans and dairy farms does not demonstrate that the dairy farms are specific sources of illness but demonstrates that these Salmonella subtypes may have been circulating within and between these populations during the same time frame. More-discriminatory molecular techniques or PFGE with two enzymes would be particularly useful to make comparisons between strains from bovine and human populations; however, two-enzyme PFGE patterns were not available for most of the retrospective human clinical isolates, and more-discriminatory comparisons between human and bovine isolates were not possible.
Conclusions. This study provides insights into changes in the distribution, genetic relatedness, and AMR of Salmonella were more frequently associated with human illnesses in their respective time frames, suggesting that changes in the population of Salmonella on dairy farms may have important implications for public health. These data support the conclusion that the 2009 population of Salmonella on dairy farms was distinct, more prevalent, and less antimicrobial resistant than the population of Salmonella recovered from the same subset of farms in 2000-2001. Further understanding of the drivers of population changes may lead to positive interventions for reducing the prevalence and AMR of Salmonella on dairy farms.
